Forces are increasingly recognized as major regulators of cell structure and function, and the mechanical properties of cells, such as cell stiffness, are essential to the mechanisms by which cells sense forces, transmit them to the cell interior or to other cells, and transduce them into chemical signals that impact a spectrum of cellular responses. Here we reported a new whole-cell cell stiffness measurement technique with a subcellular spatial resolution. This technique was based on a novel cell stretching device that allowed for quantitative control and real-time measurements of mechanical stimuli and cellular biomechanical responses. Our strategy involved a microfabricated array of silicone elastomeric microposts integrated onto a stretchable elastomeric membrane. Using a computer-controlled vacuum, this micropost array membrane (mPAM) was activated to apply equibiaxial cell stretching forces to adherent cells attached on the tops of the microposts. The micropost top positions before and after mPAM stretches were recorded using fluorescence microscopy and further utilized to quantify local cell stretching forces and cell area increments. A robust computation scheme was developed and implemented for subcellular quantifications of cell stiffness using the data of local cell stretching forces and cell area increments generated from mPAM cell stretch assays. Our cell stiffness studies using the mPAM revealed strong positive correlations among cell stiffness, cellular traction force, and cell spread area, and illustrated the important functional roles of actin polymerization and myosin II-mediated cytoskeleton contractility in regulating cell stiffness. Collectively, our work reported a new approach for whole-cell stiffness measurements with a subcellular spatial resolution, which would help likely explain the complex biomechanical functions and force-sensing mechanisms of cells and design better materials for cell and tissue engineering and other applications in vivo.
Introduction
The mechanical properties of the cell are essential to force responses because they determine the extent of deformation of the region of the cell where the force is applied, and therefore the range of molecular deformations that can be triggered. 1, 2 More recently, increased interest in cell mechanics has been generated by demonstrations that the mechanical features of the extracellular environment and application of forces to cells trigger cellular responses that are essential for many aspects of cell structure and function. [3] [4] [5] [6] [7] [8] [9] [10] Such studies have strongly implicated an important functional role of cell mechanics in sensing and transducing the biophysical signals in the local cellular microenvironment (i.e., external forces and matrix mechanics) into intracellular signalling events. 4, 5, 8, 9 In addition, cell mechanics has recently been identified as an emerging field that can potentially make significant contributions to studies of human diseases. 11, 12 Cell mechanics studies have not only contributed significantly to understanding of cellular mechanisms behind the pathophysiology of human diseases, such as malaria, 13 sickle cell anemia 14, 15 and cancer, 2, [16] [17] [18] since diseased cells differ physically from healthy ones, but also provided important knowledge in disease diagnosis and prognosis. 2, [19] [20] [21] Current experimental methods to study the mechanical behaviors of single cells can be broadly classified into two types: whole-cell mechanical loading methods such as substrate deformation, [22] [23] [24] micropipette aspiration, 25, 26 cell poking, 27 cell compression, [28] [29] [30] and optical trapping for stretching cells, 31 and local probing methods such as atomic force microscopy (AFM) 20, 32 and magnetic twisting cytometry (MTC). [33] [34] [35] The whole-cell mechanical loading methods can generate a large global cell strain, and cells are normally modelled using simple elastic or viscoelastic models with single mechanical properties characterizing the whole cell body. Thus, it is difficult to determine the spatial subcellular distribution of cell mechanical properties using the whole-cell mechanical loading methods. In the local probing methods, only a local force is applied to generate a local deformation on the cell surface. An appropriate analysis of cell local deformations provides a local picture of the elastic properties of the cell. It remains largely unclear, however, whether the local mechanical properties of the cell measured using the local probing methods can be representative of the global cell mechanical properties or is only restricted to the subcellular region that experiences the force. 36 The local probing methods also suffer from variability among the data from different studies, which is suspected due to the regional heterogeneity and dynamic regulation of the cytoplasm and adhesions of cells. 37 As an alternative approach, attempts have been made recently to quantify cell mechanical properties such as cellular traction forces using microfabricated devices, such as those based on a regular array of elastomeric poly-(dimethylsiloxane) (PDMS) microposts 38, 39 or a cantilever beam. 40 A more recent development of the PDMS micropost array to apply active external forces to cells in a controlled fashion is to exert either a pointwise mechanical force using PDMS microposts incorporated with magnetic nanowires 41 or global equibiaxial or uniaxial stretching forces using PDMS microposts integrated on stretchable membranes. 42, 43 For example, we have recently developed a stretchable micropost array membrane (mPAM) system, where the PDMS micropost array is formed at the center of a stretchable PDMS membrane. 42 Using a computercontrolled vacuum, the mPAM can be activated to apply cell stretching forces to adherent cells attached on the tops of the microposts. Using the mPAM, we have studied the mechanotransductive system in vascular smooth muscle cells (VSMCs), or more specifically, the live-cell subcellular dynamic responses of cellular traction forces of VSMCs to sustained static equibiaxial cell stretches. 42 Here, we showed that the mPAM could be utilized for real-time live-cell whole-cell cell stiffness measurements with a subcellular spatial resolution. The micropost top positions of the mPAM before and after cell stretches could be recorded using live-cell fluorescence microscopy and further utilized for quantifications of local cell stretching forces and cell area increments. In this work, we further developed a robust computational approach to inversely obtain a quantitative spatial map of subcellular cell stiffness using the finite element analysis and the Levenberg-Marquardt algorithm for nonlinear optimization. 44 Using the mPAM cell stretch assays and our computational approach, we performed detailed studies to examine the correlations among cell stiffness, cellular traction force and cell spread area for single live VSMCs. To demonstrate the general application of the mPAM for live-cell subcellular measurements of cell stiffness, we further examined and proved the important functional roles of actin polymerization and myosin II-mediated cytoskeleton contractility in regulating cell stiffness of live single VSMCs.
Materials and methods

Fabrication of stretchable micropost array membranes (mPAMs)
Silicon mould masters containing positive micropost array structures were first fabricated using high-resolution photolithography and deep reactive ion etching techniques. 8, 45 The silicon masters were silanized with (tridecafluoro-1,1,2,2,-tetrahydrooctyl)-1-trichlorosilane vapour (United Chemical Technology, Bristol, PA) under vacuum for 2 h to facilitate subsequent release of moulded PDMS structures. Replica moulding of PDMS (Sylgard 184, Dow-Corning, Midland, MI) was performed by baking thoroughly mixed PDMS prepolymer (10 : 1 w/w ratio between PDMS base monomer and curing agent) on the silicon master at 110 1C for 20 h to obtain fully cured PDMS. After peeled off, negative PDMS micropost array substrates were silanized for the second replica moulding process. PDMS prepolymer with a 10 : 1 w/w PDMS base monomer to curing agent ratio was poured onto the negative PDMS mould. After covering the PDMS prepolymer with a silanized glass coverslip, the whole assembly was thermally cured at 110 1C for 20 h. The elastomeric PDMS micropost array was then generated by peeling off the thin PDMS film containing the PDMS microposts identical to the microstructures on the silicon master from the PDMS negative mould. At this step, PDMS microposts often collapsed, and we regenerated the PDMS microposts by sonication in 100% ethanol followed by dry-release with liquid CO 2 using a critical point dryer (Samdri s -PVT-3D, Tousimis, Rockville, MD). The stretchable PDMS micropost array membrane (mPAM) was fabricated by spin-coating PDMS prepolymer (10 : 1 w/w ratio between the PDMS base monomer and curing agent) on the lids of Petri dishes (100 mm diameter; BD Falcon, Franklin Lakes, NJ) at 500 rpm for 1 min to obtain a 100 mm thick PDMS membrane, followed by baking the Petri dish lids at 60 1C for 48 h. The thin PDMS film containing PDMS microposts was then assembled onto the central area of the 100 mm PDMS membrane using the O 2 plasma-assisted PDMS-PDMS bonding process (pressure: 700 mTorr; energy: 1 kJ; Plasma Prep II, West Chester, PA) to generate the mPAM. It is important to note that prior to experiments, the mPAM should be stored at room temperature for at least 2 days to eliminate the effect of residual PDMS surface activation.
Surface functionalization of PDMS microposts
Microcontact printing was used to functionalize the tops of the PDMS microposts on the mPAM with ECM proteins to promote cell attachment. 8, 38 Briefly, PDMS stamps with a 30 : 1 w/w PDMS base monomer to curing agent ratio were utilized as printing stamps. These PDMS stamps were inked with a fibronectin solution in water (50 mg ml
À1
; BD Biosciences, San Jose, CA) for 1 h and brown dry with nitrogen. After treating the mPAM with ultraviolet ozone (UV-ozone cleaner; Jelight, Irvine, CA) for 7 min to oxidize the PDMS surface, fibronectin-coated PDMS stamps were placed in conformal contact with the PDMS microposts for at least 30 s to allow a complete transfer of fibronectin from the PDMS stamps to the PDMS micropost tops. After mounting the mPAM onto the cell stretching device (CSD), the PDMS microposts were stained with 10 mg ml À1 1,1 0 -dioctadecyl-3,3,3 0 3 0 -tetramethylindocarbocyanine perchlorate (DiI, Invitrogen, Carlsad, CA) in distilled water for 60 min. To eliminate non-specific protein adsorption on uncoated PDMS surfaces of the mPAM, the blocking agent pluronics F127 NF (P2443-250G, Sigma-Aldrich, St. Louis, MO) with a 0.2% w/v concentration in water was used to treat the mPAM for 30 min. The mPAM was then rinsed thoroughly with water before seeding cells on the mPAM.
Cell culture
Primary human vascular smooth muscle cells (VSMCs; CC-2583, Lonza, Walkersvilla, MD) were cultured in the smooth muscle basal medium (SmBM-2, CC-3182, Lonza) supplemented with soluble factors (SmGM-2 SingleQuot, CC-4149, Lonza) including insulin, fetal bovine serum, gentamicin, amphotericin, human fibroblast growth factor (hFGF), and hFGF-B. Once cells became confluent, they were washed with HEPES buffered saline solution (CC-5022, Lonza) and trypsinized (CC-5012, Lonza), followed by neutralization with a trypsin neutralization solution (CC-5002, Lonza). Cells were then subcultured to a new culture plate in the growth medium at a density of 5 Â 10 3 cells cm
À2
. Only early passages of VSMCs (passage 3-5) were used in experiments.
Cell stretch arrays
VSMCs were seeded as single cells on the mPAM and were cultured for 2 days before mPAM stretch assays. During mPAM stretch assays, the PDMS micropost array was imaged using a monochrome charge-coupled device (CCD) camera (AxioCam, Carl Zeiss MicroImaging, Thornwood, NY) attached to an inverted microscope (Zeiss Axio Observer Z1, Carl Zeiss MicroImaging) with a 40Â EC Plan-Neofluar objective (0.75 Ph2 D = 0.71 M27, Carl Zeiss MicroImaging). The microscope was enclosed in an environmental incubator (XL S1 incubator, Carl Zeiss MicroImaging) to maintain the experimental environment at 37 1C and 5% CO 2 . For each single VSMC, fluorescent images of the D 9 -DiI-stained PDMS microposts were acquired by focusing on a plane intersecting the micropost array tips. Cellular traction forces of VSMCs were recorded before and after activating a vacuum system (DigiVac Model 450, DigiVac, Matawan, NJ) to equibiaxially stretch the mPAM and thus the cells attached on the PDMS micropost array. Cells were considered viable if they remained attached to the PDMS microposts for the duration of the experiment and did not round up or detach. Cells were then immediately trypsinized with the radii R of the cell bodies measured right before the cells were detached from the PDMS microposts.
For drug treatment assays, after seeding VSMCs on the mPAM, different drugs or small molecule inhibitors were added to the culture medium for 1 h before mPAM cell stretch assays. These drugs or small molecule inhibitors included blebbistatin (100 mM; EMD Chemicals, Darmstadt, Germany), Y-27632 (10 mM; Enzo Life Sciences, Farmingdale, NY), and cytochalasin D (40 mM; Invitrogen).
Quantification of subcellular traction force and cell stiffness
The microscopic images of the PDMS micropost tops captured in the experiments were processed using a customized MATLAB program (Mathworks, Novi, MI) to compute micropost displacements and cellular traction forces. 8, 45 In brief, a previously described localized thresholding algorithm (LT) was used to determine the centroid of each PDMS micropost. A selected region of the image was converted to black and white, where the sum of white pixels representing the expected size of the post cross-sectional area was determined with thresholding. A 2D Gaussian fit was used to model the grayscale intensity profile of the PDMS post and determined the centroid by nonlinear least squares fitting. This step determined positions of the deflected microposts by comparing the deflected positions of the microposts against a regular grid, aligned using undeflected ''free'' microposts as reference points. A deflection vector (r, s) was established for each ''attached'' PDMS micropost underneath the cell, where r and s denoted the post deflection components in the x-and y-directions, respectively. r and s were related to the horizontal traction force, f c , applied on the micropost top using the Euler-Bernoulli beam theory and f c = K(r 2 + s 2 ) 1/2 , where K was the effective spring constant of the PDMS micropost. 8 Another custom-developed MATLAB program was used to compute subcellular cell stiffness by converting the defection vector maps of the ''attached'' PDMS microposts underneath the cell before and after mPAM stretches to obtain subcellular stretching forces and resulting cellular deformations. Using these subcellular stretching forces and cellular deformations, the MATLAB program would compute the optimal subcellular profiles of cell mechanical properties, i.e. elastic Young's modulus and Poisson's ratio, using a finite element-based model and the Levenberg-Marquardt algorithm (discussed in detail in Results and discussion). The MATLAB program also calculated the whole-cell Young's modulus and Poisson's ratio.
Immunofluorescence staining
Cells were incubated for 1 h in an ice-cold cytoskeleton buffer containing 50 mM NaCl, 150 mM sucrose, 3 mM MgCl 2 , 
Results and discussion
Equibiaxial cell stretches using stretchable micropost array membranes (mPAMs)
A cell stretching device (CSD) was designed to work with the stretchable micropost array membrane (mPAM) to exert equibiaxial stretches to adherent cells seeded on the PDMS micropost array formed at the center of the mPAM (Fig. 1) . 42 The CSD contained a circular viewing aperture surrounded by a ring-shaped evacuation chamber, and the mPAM was a 500 mm thick, 100 mm-diameter PDMS membrane with a square-shaped array of hexagonally spaced PDMS microposts at the membrane center (Fig. 1a) . The PDMS micropost array was first fabricated using microfabrication and replica molding on a thin layer of PDMS before it was bonded permanently onto the 100 mm-diameter PDMS base membrane, using the O 2 plasma-assisted PDMS-PDMS bonding process (see Materials and methods for the mPAM fabrication method). During cell stretch assays, the mPAM was mounted on the CSD with the micropost array region on the mPAM aligned with the CSD viewing aperture for real-time imaging of cells seeded on the PDMS microposts (Fig. 1a) . After a computer-controlled vacuum was applied to the evacuation chamber of the CSD, the periphery of the PDMS base membrane of the mPAM was drawn into the evacuation chamber and the centre region of the PDMS base membrane holding the PDMS micropost array was then stretched equibiaxially. When the mPAM was equibiaxially stretched, adherent cells attached on the tops of the PDMS microposts would also be stretched equibiaxially. Thus, the mPAM equibiaxial cell stretch platform allowed generations of whole-cell deformations over the entire cell region.
Model and calculation of subcellular cell stiffness
Using mPAM to exert equibiaxial cell stretches to adherent cells attached on the tops of the PDMS microposts would induce changes in both the positions and deflections of the PDMS microposts underneath the cells (Fig. 1b) . Such position and deflection changes of the PDMS microposts could be monitored using fluorescence microscopy to quantify local stress and strain states over the entire cell body and eventually the subcellular cell stiffness.
In the mPAM, the hexagonal arrangement of the PDMS microposts (Fig. 1c) established a well-defined mesh composed of regularly arranged triangular grid elements. Each grid element contained three nodes representing three adjacent micropost tops and labelled with indices 1, 2 and 3 clockwise starting from an arbitrary node. Nodal displacements and stretching forces for each grid underneath the cell (enclosed by the dashed line in Fig. 1c ) could be calculated from displacements of the micropost tops measured before and after mPAM stretches using fluorescence microscopy. Using one grid element shown in Fig. 1c as an example, before mPAM cell stretches, positions of the three nodes or micropost tops in one grid element, (x 1 , y 1 ), (x 2 , y 2 ) and (x 3 , y 3 ), were measured as described in Materials and methods, from which the PDMS micropost deflections (green arrows shown in Fig. 1c) were determined by comparing positions of the deflected micropost tops against a regular grid, aligned using undeflected ''free'' microposts as reference points. Similarly, micropost deflections of the grid element immediately after mPAM cell stretches were obtained (i. e. (r 1 , s 1 ), (r 2 , s 2 ) and (r 3 , s 3 ) ; red arrows shown in Fig. 1c) , permitting quantifications of nodal displacements or changes of micropost top positions before and after mPAM stretches, denoted by (u 1x , u 1y ), (u 2x , u 2y ) and (u 3x , u 3y ) for the three nodes. Nodal displacements of the grid element were converted to local cell stretching forces, (f 1x , f 1y ), (f 2x , f 2y ), and (f 3x , f 3y ), using f qx = ÀKu qx and f qy = ÀKu qy for q = 1, 2 and 3. Here the effective spring constant K of the PDMS micropost was given by K = 3pE PDMS D
/64L
3 from the Euler-Bernoulli beam theory, with E PDMS as the Young's modulus of PDMS and D and L as the post diameter and height, respectively. A finite element method was applied to solve the elastic properties of each grid element in the cell region. 46 Here we considered each grid element elastically isotropic with respect to two mechanical parameters: (1) E h , the product of the Young's modulus E and the element height, and (2) n, the Poisson's ratio. It should be noted that the local subcellular Young's modulus of each grid element might be determined from E h if the grid element height could be measured using techniques such as confocal microscopy. The relation between nodal forces f = [f 1x f 1y f 2x f 2y f 3x f 3y ]
T and nodal displacements u = [u 1x u 1y u 2x u 2y u 3x u 3y ]
T of each grid is given by 
In eqn (3), A is the projected area of the grid element onto the x-y plane. In a matrix form, the relation between f and u in eqn (1) can be expressed as f = s(E h , n)u, where s(E h , n) is a 6 Â 6 matrix containing the unknown local cell mechanical properties, E h and n, in a grid element.
Since a grid element shares nodes with its neighbouring elements, we could combine relations described by eqn (1) for all m grid elements within the cell region into a global matrix form of F = S(E h , n)U, where F and U are global force and displacement vectors, E h and n are vectors of the mechanical properties for all the grid elements, and S is the global matrix with all the unknown cell mechanical properties. We further define the total number of nodes in the cell region with m elements as n; hence both F and U are vectors of 2n components, and S is a 2n Â 2n matrix.
Computation of the subcellular spatial map of cell stiffness involves calculations of E h and n from values of U and F measured from mPAM cell stretch assays. Because each grid element has two unknowns, E h and v, the total number of unknowns in F = S(E h , n)U is 2m. However, in practice, it is often the case that m > n for a cell region. Thus, the number of unknowns, 2m, is more than the number of equations, 2n, rendering the equation F = S(E h , n)U unsolvable. To address this issue, we suppressed the number of unknowns, 2m, by assuming that a grid element at (i = 2n, j) and its adjacent element at (i = 2n À 1, j) in the cell region possess the same values of E h and v, where i and j denote the row and column of the grid element as shown in Fig. 1c . Imposing such a constraint to the equation F = S(E h , n)U ensures that E h and n can be calculated mathematically when m > n.
The objective of our computation task was thus to search for optimized E h and n to minimize the least square deviation, |UˆÀ U| 2 , where Uˆis defined as the estimate of U computed from Uˆ= S À1 F. To solve for such a least-square fitting problem, we applied the iterative Levenberg-Marquardt algorithm, 44 a widely adopted numerical method for nonlinear optimization, to obtain optimized E h and n. In brief, this iterative approach first imposes initial values for E h and n to calculate S(E h , n). Then it iteratively computes the approximate solution of U by Uˆ=S À1 F and generates the new trial values of E h and n until the optimization condition is achieved, i.e. |UˆÀ U| 2 is minimized. The Levenberg-Marquadt method has been widely used because it can effectively calculate E h and n toward optimized values.
Using optimized E h and n, we can further calculate the whole-cell average Young's modulus, E ave , and Poisson's ratio, n ave , of an entire single cell. E ave and n ave are obtained by averaging over all grid elements, i.e. E ave = 3S(E h A)/(4pR 3 ) and n ave = S(nA)/SA, where R is the radius of the cell in a suspended state measured in our experiments (measurement of R is described in Materials and methods).
Validation of mPAM cell stretches
As we have recently reported, 42 stretch induced strain in the mPAM is mostly constrained within the PDMS base membrane and does not propagate up the PDMS micropost. Thus, stretches of the mPAM will not affect the micropost geometry and thus its spring constant. 42 The stretch magnitude of the mPAM can be easily determined in situ by utilizing regularly positioned PDMS microposts as fiduciary markers to quantify their increased center-to-center distance under different levels of stretches. In Fig. 2a, a detailed characterization was conducted to demonstrate that the mPAM equibiaxial stretch level from 0-18% could be precisely controlled with a high degree of repeatability and linearity by regulating the vacuum pressure. We further conducted experiments to quantify cell spread areas and cellular traction forces of single live VSMCs seeded on the PDMS micropost array before and immediately after the onset of mPAM stretches. Our results in Fig. 2b showed significant increases of both cell spread area and cellular traction force of single live VSMCs within 30 s after the onset of 10% static equibiaxial mPAM stretches.
Previous research on cell mechanics and mechanotransduction has suggested that instantaneous biomechanical responses of mechanoresponsive cells to cell stretches (within tens of seconds) are dictated by the intrinsic mechanical properties of the cells, while their long-term responses (ranging from a few min to a few hours) in diverse cell functions are regulated by intracellular mechanotransductive signalling events and adaptive metabolic activities, e.g. cytoskeleton remodelling. 1, 23, [47] [48] [49] To confirm that the instantaneous response of cellular traction force of single live VSMCs to static mPAM stretches was largely due to their intrinsic mechanical properties, we quantified the increment rate of normalized cellular traction force of VSMCs as a function of durations of static mPAM stretches. The increment rate of normalized traction force of VSMCs measured within 30 s after the onset of 10% static mPAM stretches was about 0.448 min À1 , one order of magnitude greater than those occurred at later moments for sustained mPAM stretches (e.g., 0.022 min À1 , 0.026 min À1 , 0.024 min À1 at 5 min, 10 min and 15 min after mPAM stretches, respectively) (Fig. 2c) . Thus, the instantaneous response of traction force of VSMCs should be distinct from their adaptive contractile response to long-term sustained cell stretches 42 and should be related to and dictated by their intrinsic mechanical properties to a large extent.
Using the computation scheme described in Model and calculation of subcellular cell stiffness, the spatial subcellular distribution of cell stiffness for single fixed VSMCs was first calculated. Fig. 3a showed fluorescence images of a single fixed and stained VSMC on the PDMS micropost array before and after a 9% static equibiaxial mPAM stretch. These fluorescence images clearly demonstrated a visible increase of cell spread area due to the 9% static mPAM stretch (Fig. 3a) . Using these fluorescence images, we could determine micropost top positions to quantify traction forces before and after mPAM stretches ( Fig. 3b) and thus local cell stretching forces and cell area increments (Fig. 3b) , from which the local subcellular cell stiffness could be calculated using our computation scheme. Interestingly, the measured subcellular spatial profile of the product of the local cell Young's modulus E and cell height, E h , exhibited noticeable regional heterogeneity (Fig. 3c, lower  right) , presumably due to the heterogeneous microscopic spatial distribution of intracellular cytoskeletal structures and other cellular components and organelles such as nucleus.
It should be noted that cell stiffness measured for fixed VSMCs in Fig. 3 should not be compared directly to cell stiffness of live VSMCs, as cross-linking reagents (such as paraformaldehyde) used as fixatives will form intermolecular bridges, normally through free amino groups, thus creating a network of linked antigens in fixed cells and increasing significantly their mechanical stiffness. 50 Nevertheless, our experiment in Fig. 3 for fixed VSMCs had clearly demonstrated the application of the mPAM and our computation scheme for subcellular measurements of cell stiffness.
Characteristics and correlative studies of cell stiffness of live single VSMCs
In Fig. 4 , we applied the mPAM to characterize subcellular cell stiffness of live single VSMCs. Similar to our measurements in Fig. 3 , local cell stretching forces (Fig. 4a, top) and cell area increments (Fig. 4a , middle) associated with static mPAM stretches were first quantified using fluorescence images of the PDMS micropost tops recorded before and immediately after mPAM stretches, from which subcellular stiffness of VSMCs was computed using our computation scheme (Fig. 4a, bottom) . We further performed morphometric analysis of cell populations for live single VSMCs. Our results in Fig. 4b revealed positive correlations among the whole-cell average Young's modulus E ave , total cellular traction force, and cell spread area for live single VSMCs, consistent with our previous study using AFM to study biomechanical properties of human mesenchymal stem cells. 51 Interestingly, the positive correlation between the whole-cell average Young's modulus E ave and total cellular traction force was the strongest among the three correlations shown in Fig. 4b , indicating a potential potent role of intracellular cytoskeleton contractility in resisting deformation of cells in response to forces and thus mediating cell stiffness.
Roles of intracellular cytoskeleton components on cell stiffness of live single VSMCs
The cytoskeleton consisting of multiple molecular components such as actin microfilaments and myosin II molecules is the primary intracellular structure that determines the cell shape and mechanical stiffness. 2 We treated VSMCs with small-molecule inhibitors or drugs to target specific intracellular cytoskeleton components and relevant signalling pathways to investigate the functional roles of actin polymerization and myosin II-mediated cytoskeleton contractility in regulating mechanical stiffness of live single VSMCs. Here, for drug-treated VSMCs, blebbistatin (myosin II ATPase inhibitor; 100 mM for 1 h), Y27632 (Rho-associated kinase (ROCK) inhibitor; 10 mM for 1 h), and cytochalastin D (inhibitor of actin polymerization; 40 mM for 1 h) were applied to block myosin II and ROCK activities and actin polymerization, respectively. Immunofluorescence images of drug-treated VSMCs shown in Fig. 5a confirmed that both blebbistatin and Y27632 treatments could decrease expression levels of myosin II without affecting the overall organization of actin microfilaments, while cytochalastin D treatment caused a complete depolymerization and fragmentation of actin microfilaments in VSMCs. Cellular traction forces of drug-treated VSMCs, measured using the PDMS microposts as force sensors, decreased rapidly within the first 20 min after the onset of drug treatments and appeared to reach a static equilibrium state at the end of the 1 h drug treatments (Fig. 5b) . More specifically, after 1 h treatments with blebbistatin, Y27632, and cytochalastin D, cellular traction forces of live single VSMCs decreased by 77.45%, 63.72%, and 59.99%, respectively.
In Fig. 5c , we applied the mPAM to characterize subcellular cell stiffness of drug-treated live single VSMCs. The whole-cell average Young's modulus E ave of drug-treated live single VSMCs was significantly less than the value measured for untreated controls, confirming the critical involvements of actin microfilaments and myosin II-mediated cytoskeleton contractility in regulating mechanical stiffness of VSMCs. Interestingly, cell stiffness of VSMCs treated with blebbistatin and Y27632 decreased more significantly as compared to the cells treated with cytochalastin D, again highlighting the importance of intracellular cytoskeleton contractility in mediating cell stiffness. In Fig. 5d , we further examined how drug treatments of VSMCs to block myosin II and ROCK activities and actin polymerization could affect the correlations among cell stiffness, cellular traction force, and cell spread area. Our results in Fig. 5d suggested that the positive correlations among the whole-cell average Young's modulus E ave , total cellular traction force, and cell spread area were retained even after drug treatments of VSMCs. Further, it appeared that as compared to untreated controls, the elastic modulus of drug-treated VSMCs became less sensitive to changes of total traction force and cell spread area, especially for the cells treated with blebbistatin and Y27632, as reflected by the significantly decreased slopes of the linear fittings for VSMCs treated with blebbistatin and Y27632. The total cellular traction force of drug-treated VSMCs also became less sensitive to changes of cell spread area, even though such changes were less obvious as compared to drug-treated cells in correlations between whole-cell average Young's modulus E ave and total cellular traction force and whole-cell average Young's modulus E ave and cell spread area.
Together, our data in Fig. 5 confirmed the important functional roles of actin polymerization and myosin II-mediated cytoskeleton contractility in regulating cell stiffness. Our observations suggested that cytoskeleton contractility, cell shape, and cell stiffness were tightly coupled cellular systems involved together in mediating complex biomechanical functions such as rigidity sensing and force responses.
Conclusion
In conclusion, here we reported for the first time a whole-cell cell stiffness measurement technique with a subcellular spatial resolution, by using a cell stretching device (i.e., the mPAM) that allowed for quantitative control and real-time measurements of mechanical stimuli and cellular biomechanical responses. We applied this mPAM cell stretch platform to exert equibiaxial stressing to single live cells attached on the PDMS micropost tops. The local cell stretching forces and cell deformations generated during the mPAM cell stretch assays could be recorded in real time using live-cell fluorescence microscopy and be converted to a subcellular spatial map of cell stiffness using our computational scheme using the finite element analysis and the iterative Levenberg-Marquardt nonlinear optimization algorithm. Using the mPAM cell stretch assays and our cell stiffness computation scheme, we could determine the whole-cell cell stiffness with a subcellular spatial resolution (a few micrometers), which is not possible with any existing cell stiffness measurement technique. To demonstrate the general application of the mPAM for cell mechanics studies, we performed detailed studies to examine the correlations among cell stiffness, cellular traction force, and cell spread area for live single VSMCs. Our results suggested strong positive correlations among the whole-cell average Young's modulus E ave , total cellular traction force, and cell spread area for live single VSMCs, suggesting that cell morphology and cell mechanical properties might be strongly coupled cellular systems in mediating complex biomechanical functions and force-sensing mechanisms of cells. Using the mPAM, we further illustrated the important functional roles of actin polymerization and myosin II-mediated cytoskeleton contractility in regulating cell stiffness. Together, our study here demonstrated for the first time a new approach for whole-cell cell stiffness measurements with a subcellular spatial resolution, which would likely facilitate studies of cell mechanics and mechanobiology where real-time live-cell subcellular measurements of cell mechanical properties such as cellular traction forces and cell stiffness are desired.
